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PRACTICALITY OF APLASMA MASSFILTER FOR NUCLEAR FUEL
REPROCESSING: SEPARATING LANTHANIDES FROM ACTINIDES®

R. Gueroult?, N. J. Fisch
Princeton Plasma Physics Laboratory, PO Box 451, MS-29
Princeton, NJ 08543, USA

Abstract commercial reactors’ spent fuel management cycle,
enabling closed fuel cycle strategies, as oppoeethe
There is a growing recognition [1,2] of the need f fuel direct disposal traditionally in effect in apduel
used nuclear fuel recycling technologies that ameem cycles. In this context, the main objective is theovery
proliferation-resistant alternatives to the of the unconsumed Uranium fuel (U-238), as well as
Plutonium/Uranium refining by extraction (PUREX). Plutonium (Pu-239) produced by transmutation, taufe
However’ the imp'ementation of a closed fuel Cyam use. The extracted Plutonium can then be I'ecy(mild i
more precisely of the minor actinides transmutagitep, Mixed OXyde (MOX) fuel, while the extracted Uranium
requires removing a priori the lanthanides. Thewibal ~ could directly be re-used as fuel. This is curnent
separation options remain limited because of theédchieved industrially by means of the PUREX [7]
chemical similarity of americium with the lanthaegd (Plutonium and Uranium Recovery by EXtraction)
fission products. Separating lanthanides from atm Cchemical process.
has therefore been labeled as one of the mostuliffi
challenge in separation science [3].
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Plasma filters offer an advantage over chemicaltsmis

in that elements are dissociated. Each element can

consequently be filtered without regard to chemical

form. Thus, plasma mass filters have been recently

proposed with the objective of nuclear waste remtést

[4,5]. In particular, the capability of a new massled

the magnetic centrifugal mass filter has been etld

this context [6], highlighting the potential of plaa

mass filters for nuclear waste remediation. Other
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PSr 0.7%o

Here we analyze how such plasma filters could be
helpful in separating lanthanides from actinidesor
specifically, the influence of the elements mas# sis
compared to the ones considered for nuclear waste
remediation is investigated, with special care git@the
modifications induced on the achievable plasma
parameters. Estimations of achievable separatiotorfa

are obtained by means of numerical modeling. U‘;’g‘j/“m
()

|.RATIONALE FOR AN ACTINIDES/ Figure 1. Typical composition of nuclear spent fuel.
LANTHANIDES SEPARATION SCHEME
Another motivation for nuclear spent fuel reproaegs
Reprocessing nuclear spent fuel has variod§ the reduction of the radioactivity levels, inrfizular
motivations. Originally, the sole purpose was tdrast through the reduction of high-level waste volumed an
fissionable Plutonium for producing nuclear weapongnitigation of the long-term risks. The removal of
With time, the focus of fuel reprocessing has moted unconsumed Uranium and Plutonium already offers in
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that sense a significant advantage since, as eepiat In summary, transmutation of minor actinides foimd
Fig. 1, it allows reducing the volume by up to 95%he nuclear spent fuel requires separatiagpriori these
next step towards better waste management liebdn telements from the Lanthanides present in the waste
treatment of minor actinides and long lived fissiorstream. The chemical similarities existing betwéhese
products, which are on the long term responsiblexfost elements make the removal of Am and Cm from the
of the potential biological hazard, as indicatedFiig. 2. twenty times more abundant Lanthanides atoms hardly
achievable through conventional chemical technigées
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[1.PLASMA MASS SEPARATION
TECHNIQUES
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1000 Plasma separation in principle offers an advantsje

compared to chemical techniques in that atoms are

100 \ \\ dissociated. Each atom can then be filtered without
E 3 respect to its chemical form. In contrast, sepanaktias to
10' N be obtained by means of differences among thengitri

properties of the formed ions, such as the mass;harge
state, ..., or any combination of these properties.

As an example, the idea of relying on plasmas to
discriminate elements based on their mass hashberg
eram e t-eeRat et e b dertint Ot Pe. g, used, starting with the Calutron concept [9] durthe
1 10 100 1000 10 10° 10° 10" Manhattan project in the 40’s. These techniquesdvew
essentially remained geared towards isotopes dépara
Only recently, plasma based separation has been
considered for nuclear waste remediation [10]. éltdh
1Ihe idea was to separate elements based on the#; the
separating principle consists in a threshold ch&wmgeass
ratio for ion confinement [4].

More recently, a new plasma mass filter conce ha
een proposed and analyzed in the same contejt [b,6
his concept, called the Magnetic Centrifugal MEgter

(MCMF), separation is achieved by spinning a cylical
collisional plasma with asymmetric confinement
properties at each end. As shown in Fig. 3, confieret
on the right side is achieved through a bendinghef
H1agnetic field lines toward the axis of rotatiomc® the
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Figure 2. Breakdown of irradiated fuel potential
biological hazard as a function of time for 1kg o
irradiated actinides, from [8].

More specifically, it appears necessary to pringaril
remove Am, Cm, Cs and Sr. Because of the low neutr
cross-section of*’Cs and®sr, no option but monitored
storage exists for these elements after removai fither
fission products. However, thanks to their limitbdlf-
lives (~30 years), the risks become limited aftefew
hundred years. On the other hand, the half-liffhefmain
Americium isotope, Am-241, is about 432 years, an

decays into Neptunium of which half-life is moreth2  ceprifugal forcemQ?r is proportional to the ion mass,
million years. The solution considered is thereforgy, wyvo ions of different masses and same parkitestic
transmutation. Because of the much larger neutrosse energy, the light ion will escape more favorablfhe
section of Lanthanides, this step however requir%ht side is consequently labeled the light eletrside.
removing a priori Am and Cm from Lanthanides. B&®aU confinement on the left side is achieved by medna o
of the chemical proximity of Lanthanides to Actie&] a magnetic mirror. Magnetized ions following the mega
chemical separation is challenging [3]. This taskmiade fie|( |ines towards larger radii are reflected by mirror
even more complex by the relative amount of thesgrce However, heavy ions gain a larger parallaktic

species, namely about one Americium atom for twentynergy drifting to larger radial positions, whiketmirror
Lanthanides atoms as shown in Fig. 1. Once sephrate

Cm could be transmuted as well, but the preferreidrce 4OB, with g =mV 2/(ZB)the magnetic moment,
approach would consist in taking advantage of the identical for two i Dh ina th cuidi
relatively short half-life of the two mains isotap@9 and IS 1dentical Tor two 1ons having thé same perpemaic
18 years for Cm-243 and Cm-244, respectively), anlaneft'c energy. Heavy e'e”.‘e”ts. will therefore axore
monitor their decay into Pu-239 and Pu-240. Thgasny through the magnetic mirror, and the lettesis

naturally produced Pu isotopes could then be saok b consequently label the heavy element side. A direct
into the fuel cycle consequence of these ion mass dependent confinement

properties is the requirement for similar ion tenapares



for both ion species to be separated. The tempematuas 176 amu with Lu-176, smaller masses are foutidnwv
ratio has to be in any case smaller than the massies the fission products, with an average mass for the
for the mass selectiveness to occur [6]. Such diton is  Lanthanides of about 144 amu.

however expected to be easily met thanks to imgeciss

ion-ion collisions. Specifics about the working riples O e L B
and practical operating conditions can be foundéah — i a Ml 1 i
[5,6]. < i Ml Ce i
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Figure 3. Separating principle in a Magnetic Centrifugal
Mass Filter (MCMF): cut-view of the axi-symmetric Figure 4. Isotopic distribution of lanthanides mass in

configuration in the r-z plane. Full black linesndée the nyclear spent fuel fission products, from [12]. Thean
magnetic field lines. At one end, the confinemest imass is about 144 amu.

dominated by magnetic forces, which are independént

mass, like in a magnetic mirror. At the other effte  Based on this Lanthanides mass distribution, we
confinement is dominated by centrifugal forces,ahhre  numerically study the separation of Am-241 fromeatt
proportional to the mass element of 144 amu. The full description of the evical

model used can be found in ref [6], and the magritid
Since the separation factor of rotating plasmgpology and strength are kept identical. Typicesuits
configurations (plasma centrifuge, Archimedes Filte obtained for a rotating velocity of about 4 kih(@ngular
MCMF) scales exponentially with the ions masgrequency of about forad.s") at the initial ion position
difference [11], such designs are poorly suited fogre shown in Fig. 5. Note that because of the largss
isotopes separation. On the other hand, if lookin@rger of the considered ions, such a rotation speedready
mass differences, it has been shown that suche®e@n |arger than the critical ionization velocity (CI33],
in principle offer interesting throughputs [6, 1101]. We
therefore consider here the potential of suchréitand _ 2e£i
particularly the MCMF, for the Lanthanides/Actinile Ve V™ m (1)
separation challenge introduced in Sec. I. . .
with e the elementary charge the ion mass aneti the
ionization energy in eV, as indicated in Tab. lteRtal
[11.  AMERICIUM (Am-241) PLASMA solutions to address this limitation, such as wiadeiced

BASED REMOVAL FROM rotation, have however been proposed [5,6].
LANTHANIDES

For the lower densities, the mass separation &rlgle
The separation challenge to be addressed, as séstusoutlined. Quantitatively, fom = 610" cm?®, the heavy to
in Sec. |, consists in separating Actinides, andremolight side stream ratio is 1.33 for the test ionld# amu,
particularly Am-241, from a significantly largerguo 50 while it is 3.15 for Am-241. Looking at the high@ensity
times) volume of Lanthanides, as pre-extracted fspent  case n = 2102cm?, these ratios become 0.86 and 1.41
nuclear fuel fission products. A better picturetitd mass ¢, these two same ions. In addition, as the dgnsit
distribution of Lanthanides within the waste strezan be increases, an increase of the radial losses is\@sewith
obtained from the literature [12]. Such a distribntis up to one out of ten ions being lost through tiiarmel.

plotted in Fig. 4. We see that even if the massl@ients 1hs increase results from an increase of thesiotiality,
within the Lanthanides series can in principle behigh
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Figure 5. Ratios of particles collected on each end of theiak, as well as lost radially, for various plasmenber

densities.

which increases the ion transport perpendicularlthe
magnetic field lines, that is to say mainly radiallThe
fact that, for a given number density, the radiakks are
larger for heavier elements is consistent with thésd.
The radial losses levels remain however acceptisle
number densities up to a few'i@m?.

Although these preliminary results indicate a mass

lived Am-241 isotope into shorter lived radionuekd
However, because of similar chemical forms,
separation of these elements through chemical psoug
is challenging.

the

Table 1. Critical ionization velocity (CIV) for various
ions of interest

selectivity for the particles of interest, undenip in turn lon Mass lonization Clv

the potential of plasma mass filters for the sefamaask [amu] Energy [eV] [km.s"]
considered in this paper, various questions rertibe La 139 5.58 2.77
addressed. One concern lies in the small volunaictifsn Ce 140-142 5.54 2.74-2.7p
of the particular ion to be removed (Am-241) frohet Pr 141 5.47 271
much larger bulk stream of Lanthanides. THiS N(g 144 553 2.70
consideration is expected to modify the propemiemon- Eu 153 5.67 2.65
ion pitch angle scattering, and therefore the podityfor Gd 156 560 261

a given ion to be extracted at one or the otherddrttie Ac 227 518 209
device. Another and more general reserve residdlen Am 241 6.00 218

limited separation factor obtained in one passaAwsatter
of fact, and even if an optimization of the magnéield

topology is expected to yield larger separationdes; the
separation levels required are significantly largem the
ones likely to be achieved in one pass. This lesitalls
for sequential processing. To this respect, the ridtg
Centrifugal Mass Filter offers a significant adwegd as
compared to the Archimedes Filter [10] in that eeste
is extracted along the field lines, making in pijhe a
sequential processing easier. Specific methodddogie
however yet to be developed

'V.SUMMARY

Plasma mass filters, which have recently been sttown
offer interesting properties for the purpose of leac
waste remediation, could present an appealing paten
within this context too. More particularly, numeaic
simulations indicate that the Magnetic Centrifufyédss
Filter could be suitable for this task. Mass séligt is
numerically demonstrated for the ions of interest a
realistic operating conditions.

Although these results suggest that plasma mass
filtering could be useful to address challengingasation
tasks as encountered in nuclear waste reprocessing,
various considerations remain to be examined. Sgilie
processing capabilities appear as one of the drecto
investigate primarily.

In this paper, we highlighted how plasma basedsmas

separation could be useful with the objective @fasating
minor Actinides, in particular Am-241, from Lanthdes
within the purpose of nuclear spent fuel reprocggsi
Because of the much larger neutron cross sectio
Lanthanides elements, removal of Am-241 fro
Lanthanides is required before transmutation ofltimegy

n
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